Four additional DNA variants (restriction enzyme fragment length polymorphisms) making a total of eight polymorphic sites at the human albumin locus have been identified. These eight sites were found after screening 689 of 20,000 nucleotides by using cDNA probes for albumin with 27 different restriction enzymes. One in 85 nucleotides was therefore potentially polymorphic. The average nucleotide diversity between any two randomly chosen chromosomes was calculated to be 1/500. We observed marked linkage disequilibrium between the eight variants. Only 7 haplotypes among 256 possible combinations were observed in 160 chromosomes from Caucasoids, Blacks, and Asians. Two haplotypes were found in all three human races, indicating that their origin predated human racial divergence. The three rarest haplotypes appear to represent recombinational events between the more common haplotypes. All crossovers occurred in the same general region. Studies of several nonhuman primates indicated that the origin of one haplotype predated the human-African ape divergence. Although it is not possible to rule out maintenance of this tight linkage by selection or fixation, it is suggested that the limited number of haplotypes at the chromosomal site of the albumin gene near the centromere of chromosome 4 may be the result of decreased recombination.
The study of human genetic variation has been enhanced by the discovery of restriction enzyme fragment length polymorphisms (RFLPs) . With the increasing availability of probes these DNA variants are being discovered at an accelerating pace. Having detected four DNA polymorphisms at the albumin locus (1), we describe an additional four such variants here. The physical and genetic distances between these variants are much smaller than those conventionally studied in human genetics. The probability of recombination between such polymorphic DNA sites is therefore quite low and some linkage disequilibrium, as demonstrated by the existence of a smaller than expected number of haplotypic arrangements of the eight DNA variants, would not be too surprising. However, even with closely linked markers, a very large number of generations should lead to free reassortment of polymorphic alleles unless certain haplotypes were more common because of selection, genetic drift, or a reduced recombination rate. This study disclosed only 7 of the 256 (or 28) possible haplotypes of DNA variants at the albumin locus. To evaluate the significance of this strong linkage disequilibrium we studied the haplotypic frequencies of DNA variants at this locus in the three major human races as well as in a variety of nonhuman primates. Since the origin of some of these haplotypes predated human racial divergence, a significant deviation from free reassortment of markers in this region appears likely. Various considerations suggest reduced recombination as the most reasonable explanation.
MATERIALS AND METHODS
DNA was prepared (2) from 30 ml of peripheral blook obtained following signed informed consent. Five-to 10-,ug aliquots of DNA were digested with appropriate restriction enzymes (Bethesda Research Laboratories or New England Biolabs) and subjected to electrophoresis on 0.8% agarose gels. Southern transfers onto nitrocellulose, hybridization with 32P-labeled probes, washing, and autoradiography were carried out as described (1). The cDNA probes for albumin (3) consisted of a 900-base-pair (bp) fragment from the 5' end of the albumin coding region, a 1000-bp fragment from the 3' end of the coding region, and a 250-bp probe to the middle of the coding region. The individuals studied were normal, unrelated, and included 105 Caucasoid individuals (i.e., 210 chromosomes), 22 American Blacks, and 18 Asians (10 Japanese and 8 Chinese). Family studies were done to trace a given RFLP in family members.
Nonhuman primate DNAs were prepared in the same manner from 50 ml of blood sampled from one of each of the following species: pygmy chimpanzee (Pan paniscus), common chimpanzee (Pan troglodytes), gorilla (Gorilla gorilla), and baboon (Papio cynocephalus); and from two orangutans (Pongo pygmaeus).
RESULTS
We have previously described four polymorphic sites at the albumin locus (1). One of these, the 5' Pst I polymorphism, was initially considered to be a three-allele "system." After further study with a variety of double digests, including Sac I-Pst I, Msp I-Pst I, and Hae III-Pst I (data not shown), two different polymorphic sites were shown to account for the three alleles observed.l The three other polymorphisms discovered in this study included an Hae III site in the midportion of the locus giving fragments of 4.1 and 4.05 kb, a Sac I site in the 3' portion of the locus giving fragments of 20 kb and 16 kb + 4 kb, and an EcoRV site in the 3' flanking portion of the locus producing fragment sizes of 9.0 kb + 6.2 kb (Fig. 1) .
Abbreviations: RFLP, restriction enzyme fragment length polymorphism; kb, kilobase(s); bp, base pair(s). ¶The two sites in the direction 5' to 3' generated fragments of 4 kilobases (kb) + 14 kb and 14 kb + 6 kb. The fact that only three alleles rather than the expected four were seen is explained by linkage disequilibrium between the two sites. Thus, in over 200 chromosomes the absence of the 14 kb + 6 kb site was always linked to the absence of the 4 kb + 14 kb site. The presence of the 14 kb + 6 kb site, however, was found both with and without the adjacent site.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. father, child, and mother, respectively. The 3.8-and 3.6-kb bands have been reported (1). The 4.1-and 4.05-kb bands were disclosed by using the enzyme Hae III and any of the three probes described in the text. (B) Lanes 1, 2, and 3 are father, child, and mother, respectively. The 20-and 16-kb bands were disclosed by the enzyme Sac I and either the 5' (F47) or 3' (B44) probe. The 4-kb band was seen only when the 3' (B44) probe was used. (C) Lanes 1, 2, and 3 are father, child, and mother, respectively. The 9.0-and 6.2-kb bands were seen only with EcoRV and the 3' (B44) probe. The predicted 2.8-kb band has not been observed, suggesting the polymorphic site is distal to the end of the probe used.
The frequencies of each of the two alleles found at the eight different polymorphic sites have been calculated in Caucasoids, American Blacks, and Asians (Table 1 ). All variants showed autosomal codominant inheritance and the distribution of homozygotes and heterozygotes at each site was consistent with Hardy-Weinberg equilibria determined from the individual allele frequencies.
Using the 5', middle, and 3' probes, the arrangement of the eight polymorphic sites relative to one another was determined (Table 2) . Although the specific locations of the polymorphic sites within the 5' internal and 3' internal regions may vary relative to one another, the positions of these sites with respect to the three other regions at this locus are firmly established.
By assigning a " + " for the presence of a particular restriction enzyme site and a "-" for its absence, haplotype arrangements for all eight polymorphic sites taken as a unit have been determined in 160 chromosomes from members of three races. Haplotype status was assigned by family studies (16 chromosomes) or by homozygote status for a given haplotype (82 chromosomes). The haplotype assignment of 62 chromosomes from heterozygotes was consistent with the 7 haplotypes established in families or hbmozygotes, although definitive assignment was not possible. An additional 130 chromosomes have been partially scored for only some enzymes. All findings were consistent with the 7 observed haplotypes, designated A, B, C1, C2, D, J, and L (Table 2) .
Since each of the eight polymorphic sites had two alleles (+ and -) there were 28 or 256 possible haplotypic arrangements. To date we have observed only 7 of these 256 possibilities in the 160 chromosomes studied. This is a highly significant discrepancy (X21 = 74.8, P < 0.001). Table 2 shows the 7 observed haplotypes, and in which n = number of generations since origin; probability of no crossovers = 1 -% recombination observed between any two polymorphic sites; D = distance in base pairs be- tween the two polymorphic sites. We have computed the number of generations since origin for a pair of polymorphic sites (the 5' Hae III site and the 3' Hae III site) in linkage disequilibrium at the albumin locus. The distance between these sites as assessed from the albumin map was no more than 4050 bp, as established by the size (Fig. 1A ) and the position (Table 2) have shown that about 1 nucleotide site in 100 is potentially polymorphic and that 1 nucleotide in 500 will actually differ between any two randomly chosen chromosomes (4) . This discrepancy between potential and actual data is due to the rarity of some alleles and to the linkage disequilibrium between different polymorphic sites. Combining published data with our data presented here, we have demonstrated similar values for the albumin locus (1/85 maximal difference and 1/500 average difference), which suggest that this degree of nucleotide diversity may apply to other loci.
If there are 106 bp of DNA on the average in 1 centimorgan (a 1% recombination distance) (7), it would mean that within 2 centimorgans of any given site of interest (1 centimorgan on either side) there would be 20,000 potentially polymorphic markers (1/100 of 2 x 106); 4000 of these (1/500 of 2 x 106) would be informative for distinguishing between any two randomly chosen chromosomes. This suggests enormous numbers of markers useful for study of human disorders. The actual number may, in fact, be much larger if the number of polymorphisms in noncoding regions exceeds that of coding loci (9) . Since there is disequilibrium between markers within very short distances (100 kb or 0.1 centimorgan or less) in /3-globin (10) , immunoglobulins (11, 12) , and albumin, such linkage disequilibrium may be a general phenomenon. However, free recombination for the RFLPs associated with Huntington disease on the short arm of chromosome 4 has been reported (13) . Extensive searches for multi-Proc. Natl. Acad. Sci. USA 81 (1984) It is possible that recombination at the albumin locus is lower than average, as has been hypothesized for the immunoglobulin region (12) . Centromeres are regions of low recombination frequency and the albumin locus is near the centromere of chromosome 4 (4q11 to 4q13). Furthermore, it has been shown that recombination frequencies can vary by as much as 60-fold between sites on the same chromosome (21) . In fact, a relatively decreased frequency of meiotic recombination has been observed in the centromeric region of chromosome 4 (22) . If the recombination frequencies were 1/10 that of the average (or now 1 crossover per 109 bp per generation), the calculated time of origin for the polymorphisms would increase from at least 12,600 years ago to at least 126,000 and to as much as 180,000 years ago. This interval could accommodate most hypotheses regarding human racial divergence.
If such recombinational "cold spots" exist in the genome there are important implications for relating physical distances on chromosomes to genetic distances. The probability of success in "walking" experiments, in which one attempts to move from a marker site to another site of potential interest, is determined by their relative distance from one another. It will be necessary to know whether the distance between sites involves 100,000 bp or 1,000,000 bp. Such physical distances will be apparent only if the specific relationship to genetic distance at a given chromosomal location is known. 
